The growth and nutritional requirements of mycobacteria have been intensely studied since the discovery of Mycobacterium tuberculosis (32) . This resulted in an overwhelming body of literature on the physiology of mycobacterial metabolism in the years before the dawn of molecular biology (20, 53, 54) . Carbon metabolism of mycobacteria has attracted renewed interest since the discovery that M. tuberculosis relies on the glyoxylate cycle for survival in mice (36, 41) . This observation indicates that M. tuberculosis uses lipids as the main carbon source during infection. On the other side, genes that encode a putative disaccharide transporter were essential for M. tuberculosis during the first week of infection, indicating that M. tuberculosis may switch its main carbon source from carbohydrates to lipids with the onset of the adaptive immune response (61) . However, the nutrients and the corresponding uptake proteins are unknown for M. tuberculosis inside the human host. Surprisingly, this is also true for M. tuberculosis growing in vitro and for Mycobacterium smegmatis, which is often used as a fast-growing, nonpathogenic model organism to learn more about basic mycobacterial physiology. There is no doubt that the uptake pathways have been adapted to the habitats of M. tuberculosis and M. smegmatis, the human body and soil, respectively. Thus, much can be learned about the lifestyles of both organisms by a comparison of the complements of specific nutrient uptake proteins. Previously, 38 ATP-binding cassette (ABC) transport proteins have been identified in M. tuberculosis by bioinformatic analysis, 4 of which were assigned a role in carbohydrate import (9) .
The goal of this study was to compile a complete list of potential carbohydrate uptake systems of M. smegmatis and M. tuberculosis based on in silico analyses of their genomes. While M. tuberculosis has only 5 recognizable carbohydrate import systems, M. smegmatis has 28 of such transporters at its disposal. In particular, we show that the genome of M. smegmatis encodes a phosphotransferase system (PTS) that plays a fundamental role in the global control of sugar metabolism in both gram-negative and gram-positive bacteria (12) . Furthermore, we show by reverse transcription (RT)-PCR and uptake experiments that the PTS genes and other selected systems are functionally expressed in M. smegmatis.
at 37°C. M. smegmatis mc 2 155 was grown on plates using Middlebrook 7H10 medium supplemented with 0.5% glycerol.
Computer analyses and screening strategies. Protein sequences of known carbohydrate uptake systems were used to screen the genome sequence of M. smegmatis mc 2 155 at the BLAST server of the National Center for Biotechnology Information (NCBI) at the National Institutes of Health, Bethesda, MD (www .ncbi.nlm.nih.gov/sutils/genom_table.cgi), using TBLASTN. A data file containing the preliminary genome sequence of M. smegmatis mc 2 155 containing 7,278,076 nucleotides was obtained from The Institute for Genomic Research (TIGR) (www.tigr.org). This file was loaded into the ARTEMIS software available at the Wellcome Trust Sanger Institute (www.sanger.ac.uk) to annotate gene and protein sequences. The open reading frames (ORFs) and their adjacent genes were checked by visual inspection to detect the most likely start codon that is preceded by a ribosome binding site. Sizes of ORFs were further established by a consideration of codon bias analysis as implemented in Artemis and by multiple sequence alignments with well-characterized homologs. For the latter, the M. smegmatis ORFs were subjected to general PBLAST data bank searches at the NCBI website (www.ncbi.nlm.nih.gov) to detect closely related sequences. Finally, the identified genes were cross-checked with the primary annotation protein list (http://cmr.tigr.org). To find the most representative homologs, we used single genome protein BLAST, which is available for well-characterized bacterial species of diverse phylogenetic origins: Escherichia coli, Bacillus subtilis, M. tuberculosis (all accessible at http://genolist.pasteur.fr), and Streptomyces coelicolor (http://avermitilis.ls.kitasato-u.ac.jp). Prediction of the possible substrate(s) was based on the following criteria: (i) protein identity of the M. smegmatis protein was more than 35% to the homologous protein of E. coli or B. subtilis, more than 50% to Streptomyces, or more than 60% to M. tuberculosis; (ii) more than one gene of the operon was conserved; and, most importantly, (iii) a solid biochemical analysis of the homologous protein was available. Sequence alignments were conducted with CLUSTALW by applying predefined algorithms available from the European Bioinformatics Institute at The European Molecular Biology Laboratory (www.ebi.ac.uk/clustalw).
Growth of M. smegmatis on sugars. A 4-ml culture of M. smegmatis mc 2 155 was grown in HB minimal medium supplemented with 0.05% Tween 80 and 1% sugars as the single carbon source (65) . Cells were passed through a filter with a pore size of 5 m to remove cell clumps and were then inoculated into 50 ml HB medium. The 50-ml cultures were grown until an optical density at 600 nm (OD 600 ) of 1 was reached. The bacteria were harvested at 4,000 rpm at 4°C for 10 min and washed twice with minimal medium without a carbon source. The pellet was resuspended in 5 ml HB medium and diluted to an OD 600 of 0.02 in 50 ml HB medium containing 1% carbon source. Growth rates were determined in three independent cultures by OD 600 measurements every 3 h.
Reverse transcriptase PCR. Cells of M. smegmatis mc 2 155 were grown in HB minimal medium with 50 mM glycerol. In other cultures, 50 mM of the carbon source of interest was added to examine gene-specific induction. The cultures were harvested at mid-exponential phase and subjected to total RNA preparation using a procedure that we described previously (68) . Quantitative RT-PCR experiments were conducted as described previously (73) . RT-PCRs were performed with gene-specific oligonucleotides, which were AACTGTGCTTTCTC AACCG and ATGGCGTCGAGTTGGTGC for ptsI, TCACCGTCGGATCTG CCGTCG and ACCAGTTCGGCAACCTTGGC for ptsH, AGGCATCAACG TGGCCAAGG and ACCGCGTGATCGCATCGAGCG for fruK, ACCGAGT TCCTGTTCCTCG and CGAGCGTCGTGACCATCG for ptsI, GGGCATCC TCACGTCAGG and CAGCAGGTCGATCAGACC for ptsG, TCAGACCGT GACCATCACG and TGGACCAGCACTCCCAC for crr, and GCAAGGTGC TTCCGTTCAGC and CGAGACCGATGATCACCG for glpF1. The assay mixture contained 100 ng of RNA and 5 pmol of each primer in a 20-l volume. Samples of 4 l of each reaction mixture were taken at appropriate PCR cycles (cycles 21 to 36 depending on the appearance of a signal in the linear range), and amplification products were separated and visualized on a 1% agarose gel. RT-PCR experiments without prior RT were performed to ensure the exclusion of DNA contamination. The quality of the RNA preparations was checked by the presence of equal amounts of 16S rRNA, which is constitutively expressed. Data were verified in two independent experiments. Transport assays. Sugar uptake measurements were carried out as previously described (67) . To reduce aggregation and clumping, all M. smegmatis cells were filtered through a 5-m-pore-size filter (Sartorius) and regrown for 2 days at 37°C before inoculating 100-ml cultures (69) . Cells were grown in the presence of 0.2 or 0.4% of the respective carbon source compared to glycerol as the standard carbon source and harvested by centrifugation (1,250 ϫ g at 4°C for 10 min) when they had reached the mid-exponential phase at an OD 600 of between 0.5 and 0. C]glycerol were added to the cell suspension to obtain final sugar concentrations of 20 M, 20 M, and 100 M, respectively, and a radioactivity of 100,000 cpm per ml cells. The mixtures were incubated at 37°C for glycerol uptake and 25°C for glucose and fructose uptake assays. Cell suspensions (between 0.2 and 1 ml) were filtered through a 0.45-m-pore-size filter (Sartorius) and washed with 0.1 M LiCl, and the radioactivity was determined by using a liquid scintillation counter (Beckman). All experiments were reproduced by at least one biological replicate.
RESULTS
Genome analysis reveals 28 putative carbohydrate uptake systems in M. smegmatis. The sequence of the almost finished genome of M. smegmatis mc 2 155 was searched for homologs of well-characterized bacterial sugar transport systems to identify possible carbohydrate uptake systems. Table 1 shows a list of 28 putative carbohydrate permeases: 19 of the ABC family, 3 of the PTS family, 1 of the major intrinsic protein family (MIP), 4 of the major facilitator superfamily (MFS), and one of the sodium solute superfamily (SSS) (6, (47) (48) (49) 56) .
ABC systems. Operons for carbohydrate-specific transporters of the ABC family always contain a gene encoding a sugarspecific periplasmic binding protein (6, 9) . We have conducted TBLASTN analyses of the M. smegmatis genome with known binding proteins of ABC systems, such as the maltose-and ribose-specific binding proteins MalE and RbsB, respectively, of E. coli and the cellobiose binding protein of Streptomyces reticuli (19, 20, 62) . We found 18 genes for ABC-type sugar binding proteins in the genome of M. smegmatis mc 2 155. All were adjacent to ABC permease genes ( Fig. 1 and Table 1 ). For all sugar transport systems, a substrate was predicted when the following criteria were met (6): (i) a solid biochemical analysis of the homologous proteins was available, (ii) the identity of the M. smegmatis protein to the homologous proteins of E. coli or B. subtilis was greater than 35%, and that to Streptomyces was greater than 35% and 50%, respectively, and (iii) more than one gene of the operon was conserved, and (iv) the encoded proteins had the same carbohydrate specificity. In this way, we predict that M. smegmatis can transport via ABC permeases, ␤-glucosides such as chitobiose, ␣-galactosides (melibiose), ␤-xylosides (xylobiose), xylose, arabinose, and sugar alcohols. In addition, we propose that M. smegmatis has several ABC systems for ribose or ribose-like substrates such as ribonucleosides, ribitol, or xylitol (Table 1) .
(i) ␤-Glucosides (msmeg_0501 to msmeg_0508). The first sugar transport cluster in the genome contains genes for a glucosamine isomerase (nagB1), a ␤-glucosidase (bglA), a sugar kinase (sugK), and a complete ABC permease, the latter with distant similarities to other ABC importers. Due to the presence of the metabolic genes, whose products BglA and NagB exhibit 31% and 32% protein identity to homologs of B. subtilis and E. coli, we suggest that the permease catalyzes the uptake of ␤-glucosides such as cellobiose (38, 72) . It should be noted as well that the closest homologs were the S. coelicolor proteins SCO5236 (NagB homolog with 50% identity) and SCO6670 (BglA homolog with 54% identity).
(ii) ␣-Galactosides (msmeg_0509 to msmeg_0517). A gene cluster directly downstream of the putative ␤-glucoside cluster may be responsible for the uptake of ␣-galactosides. It comprises genes encoding an ␣-galactosidase (msmeg_0514), a tagatose-bisphosphate aldolase (agaZ), and a putative isomerase (agaS) besides the genes for the ABC permease, agaEFG. The operon is likely controlled by AgaR, a regulator of the DeoR family (11, 51) . Downstream of the aga region is the gene mspB, which encodes a porin (69) , which may indicate that this porin is required for the entry of the substrate transported by AgaEFG. The proteins share, as many other proteins from M. smegmatis do, the highest identity to proteins from S. coelicolor (39 to 71%) ( Table 1) . (iii) Ribose and ribose-like carbohydrates (msmeg_1372 to msmeg_1378, msmeg_3090 to msmeg_3095, msmeg_3598 to msmeg_3602, msmeg_4170 to msmeg_4174, and msmeg_6798 to msmeg_6804). Several of the analyzed ABC systems of M. smegmatis revealed similarities to the ribose ABC permeases of E. coli and B. subtilis (3, 75) . The best candidates for a ribose-specific ABC permease seem to be msmeg_3090, msmeg_3091, and msmeg_3095. The latter one is the substrate binding protein that shares the highest identity (30%) to the ribose-specific periplasmic binding protein RbsB. Interestingly, this putative ribose permease is embedded within a cluster of genes involved in central carbon metabolism, such as glycolysis. The other four ABC systems with similarities to ribose permeases may also transport ribose or a ribose derivative (Table 1) .
(iv) Xylose and ␤-xylosides (msmeg_1704 to msmeg_1706, msmeg_5142 to msmeg_5147, and msmeg_6018 to msmeg_6022). Xylose is usually taken up by an ABC permease and further metabolized by isomerization (xylose isomerase [XylA] ) and phosphorylation (xylulokinase [XylB] ) to enter the pentose-phosphate shunt. The region msmeg_6018 to msmeg_6022 was designated the xylGFEAR1 regulon since it encodes proteins sharing identities of 29% to 38% with the corresponding proteins of E. coli (7, 20) . The substrate binding protein XylF1 has the highest score, with 38% identity to the E. coli homolog (70) . The regulon further contains the metabolic xylA1 gene. The missing XylB may be encoded by msmeg_3257, having 50% and 32% identity to XylB of Corynebacterium glutamicum and E. coli, respectively (31, 33) . A second potential operon for a xylose ABC transporter is encoded by msmeg_1704 to msmeg_1706 (xylFGH2). XylF2, XylG2, and XylH2 share 38% to 48% identity to the corresponding E. coli proteins.
A predicted ␤-xyloside permease is encoded by msmeg_5142 to msmeg_5147. We have designated the genes bxlRAEFG according to their close relationship to the bxlEFG2 operon of S. coelicolor, which encodes the transporter for xylobiose (6, 27) . The amino acid identities are in the range of 45% to 79%.
(v) Arabinose (msmeg_1708 to msmeg_1715). We detected an araBDA operon that is most similar to the arabinose metabolic genes of B. subtilis (40) . AraB (L-ribulokinase), AraD (L-ribulose-5-phosphate-4-epimerase), and AraA (L-arabinose isomerase) show 42 to 48% identity to the corresponding proteins of B. subtilis. The adjacent ABC permease (msmeg_1709 to msmeg_1712) could be the uptake system for arabinose. Its gene products, including the juxtaposed regulator, exhibit residues that are up to 43% identical to an unknown gene cluster of E. coli that is designated ytfRT yjfF. This suggests that the E. coli locus encodes a sugar-specific permease. Transport of arabinose has so far been described only for the E. coli proton symporter AraE of the MFS (34, 47) .
(vi) Sugar alcohols (msmeg_3998 to msmeg_4002 and msmeg_5571 to msmeg_5575). Sugar alcohols like mannitol, glucitol (sorbitol), and xylitol are frequently consumed by bacteria (52) . We found two loci that could encode a sugar alcohol-specific transport system. The operon comprising msmeg_3998 to msmeg_4002 is homologous to the yph operon of E. coli. Although the permease proteins do not allow substrate prediction, they are associated with a sugar alcohol dehydrogenase (msmeg_4002), which is 44% identical to YphC and more distantly related to GutB of B. subtilis (sorbitol dehydrogenase) and GatD (galactitol-1P dehydrogenase) of E. coli (43) . The second region, msmeg_5571 to msmeg_5575, is homologous to the smo operon of S. coelicolor, encoding a possible permease for sugar alcohols. Here, the two substratespecific binding SmoE proteins share 52% identity (6) .
(vii) Less-well-defined ABC-type sugar transporters. We further found six gene loci encoding ABC transport systems for carbohydrates. The deduced substrate binding proteins were homologous to known sugar substrate binding proteins in the range of about 30% protein identity. Due to this and due to the absence of adjacent metabolic genes, prediction of substrates was not possible. Among those are the only two permeases that are common to M. smegmatis and M. tuberculosis, Sug ABC and Usp ABC (see below). (viii) Lipid anchors of sugar binding proteins. In gramnegative bacteria, the substrate binding proteins of ABC transporters are soluble proteins that appear to move freely through the periplasmic space. By contrast, it has been shown for grampositive bacteria that the substrate binding proteins are covalently anchored to the outside of the cell membrane by fatty acids (63) . Lipidation occurs via esterification of a conserved cysteine at the N terminus of the processed protein. Strikingly, all sugar binding proteins of M. smegmatis (Table 2 ) and M. tuberculosis (9) have a predicted lipoprotein signal peptide.
PTS permeases. (i) Glucose, trehalose, GlcNAc, and dihydroxyacetone (msmeg_2116 to msmeg_2125). Two loci encoding components of a PTS were discovered in the genome of M. smegmatis. This is interesting, since the existence of PTS genes is in contrast to previous reports in which no evidence for PTS proteins in M. smegmatis was found in biochemical experiments (14, 15, 54, 59) . Genes for a PTS of the glucose-sucrose subfamily (Fig. 2) were detected in a cluster comprising msmeg_2116 to msmeg_2120 (52) . The two divergently transcribed genes msmeg_2116 (ptsG) and msmeg_2117 (crr) encode the IIBC and IIA permeases. The deduced protein sequence of IIBC (496 amino acids [aa]) shares 49% identity with the N-acetylglucosamine (GlcNAc)-specific IIB GlcNAc and IIC GlcNAc of S. coelicolor A3(2) and 42 to 43% identity to PTS permeases of E. coli and B. subtilis that transport glucose, GlcNAc, trehalose, or ␤-glucosides, respectively (52) . The IIA protein of M. smegmatis is 50% identical to the S. coelicolor homolog IIA Crr (30) . Two metabolic genes for the metabolism of GlcNAc are situated downstream of the crr gene. They encode a putative glucosamine-6-phosphate deaminase, NagB2, and a GlcNAc deacetylase, NagA, that share 43% and 33% identity to the characterized E. coli homologs and 59% and 47% to the ones from S. coelicolor, respectively (1). The gene locus further contains a putative regulatory gene, ptsR, whose product shares low similarities to uncharacterized regulators of S. coelicolor and M. tuberculosis. Thus, PtsR might be a possible regulator of the PTS genes.
Downstream of ptsR is a gene for a multiphosphoryl PTS phosphotransferase. The gene, which we have designated ptsT, encodes a protein of 808 aa that comprises all three general phosphotransferases of a PTS: IIA (aa 1 to 150), HPr (aa 151 to 251), and EI (aa 251 to 808). The protein resembles the multiphosphoryl phosphotransferase MTP from Rhodobacter capsulatus (76) , which drives fructose uptake by phosphorylation of the respective FruA PTS permease, in length and do- (ii) Fructose (msmeg_0084 to msmeg_0088). The second PTS locus comprises genes for a fructose-specific PTS composed of EI (ptsI), HPr (ptsH), and IIABC Fru (fruA) (Fig. 2B) . The locus further consists of a gene coding for a regulator of the DeoR family (51) and a fruK gene coding for a protein similar to fructose-1-phosphate kinases (45) . The gene order fruR-fruK-fruA is the same as what we previously found in S. coelicolor, while the fru operons of other bacteria are under the control of different regulators (52) . The similarities of proteins encoded by genes in these operons are highest between M. smegmatis and S. coelicolor, with identities of 51% for the DeoR-type regulator, 43% for FruK, and 51% for FruA (IIABC Fru ). MIP permeases. Sugar permeases of the MIP family were screened by BLASTP searches with the glycerol facilitator protein sequences of E. coli and S. coelicolor. We found a protein, msmeg_6758 (GlpF), with identity scores of 42% and 37% to the respective pendants from E. coli and S. coelicolor. msmeg_6758 is situated in an operon with genes for two glycerol kinases (glpA1 and glpA2) and a glycerol-3-phosphate dehydrogenase (glpD) (Fig. 2) . A putative regulatory gene (glpR) that is homologous to the glycerol operon regulator gene gylR of S. coelicolor is found upstream (26) . Hence, the genes msmeg_6756 to msmeg_6760 are the best candidates to encode proteins for glycerol uptake and metabolism. As described above for PTS, we identified DhaF (msmeg_2124) as being a second MIP family member that may serve as a facilitator for dihydroxyacetone in conjunction with PTS proteins.
MFS permeases. Well-characterized permeases of the MFS family are the xylose symporter XylE of E. coli and the glucosespecific symporter GlcP from S. coelicolor and the cyanobacterium Synechocystis (34, 73, 77) . We found four homologs (msmeg_2966, msmeg_4098, msmeg_4182, and msmeg_5559), of which msmeg_4182 exhibited 53% identity to glucose symporters (Fig. 2 ). msmeg_4182 is surrounded by genes that are not related to sugar metabolism, and there is no putative regulatory gene in the vicinity. Hence, glcP might encode a glucose permease that is expressed constitutively in a monocistronic operon. The other three candidates showed very distant similarities to sugar transporters, thus making a substrate prediction impossible.
Growth of M. smegmatis on carbohydrates as single carbon sources. According to our genome analysis, M. smegmatis possesses uptake systems for a large number of sugars. This is consistent with very early findings that M. smegmatis can grow on many monosaccharides, organic acids, and sugar alcohols (20) . In those studies, oxygen consumption of starved bacteria with low endogenous respiration was measured after the addition of single carbon sources to bacteria suspended either in phosphate buffer or in phosphate saline (57) . However, in those experiments, M. smegmatis may have lacked other elements that may be required to consume the substrate of interest. Therefore, we conducted growth experiments in HB minimal medium, which contains all essential nutrients and trace elements (65) , and the carbohydrate of interest as the sole carbon source. M. smegmatis readily grew in HB minimal medium with glucose, glycerol, xylose, fructose, ribose, arabinose, or trehalose ( Fig. 3 and Table 3 ). Potential uptake systems were assigned in this study for all of these mono-and disaccharides (see Fig. 5A ). These results demonstrated that func- 
a The sequences were aligned according to their signal peptide cleavage site as predicted by SignalP (4). The N-terminal cysteine of the mature protein, which is the catalytic residue of the fatty acid anchor, is marked with an asterisk.
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tional uptake systems exist for these sugars and that these sugars are metabolized by M. smegmatis. The generation times ranged from 132 to 174 min, which is similar to growth rates of M. smegmatis in Middlebrook 7H9 medium that contains glycerol as the main carbon source (69) . The monosaccharides GlcNAc, glucosamine, and galactose; the disaccharides maltose, sucrose, and lactose; and the trisaccharide raffinose were not utilized. This may indicate the lack of uptake and/or lack of metabolic enzymes. Particularly interesting was the growth of M. smegmatis on maltose as a sole carbon source. M. smegmatis stopped growing at a very early stage at an OD 600 of 0.1 (Fig.  3) . The poor growth of M. smegmatis on maltose was not altered when the amount of maltose in the medium was increased from 1% to 10%, indicating that a putative, minor contaminating carbon source did not did not cause the initial residual growth of M. smegmatis. Similar results were obtained for galactose, lactose, and sucrose (not shown). The reason for this phenomenon is unknown. Analysis of the expression of the fructose, glucose, and glycerol import systems. In order to validate the predicted assignment of inner membrane transport systems to a specific sugar, we examined the transcription of selected genes by semiquantitative RT-PCR. First, the transcription of the genes necessary for fructose uptake and utilization were analyzed. The gene msmeg_0086, predicted to encode a fructose-1-phosphate kinase (FruK), showed enhanced mRNA levels in cells grown in the presence of fructose (Fig. 4) . Transcription of the adjacent genes ptsH and ptsI, encoding general components of the PTS, was not enhanced by fructose. Transport experiments with [ 14 C]fructose were done to examine whether fructose induces the expression of its uptake system. Figure 5A clearly shows that fructose uptake is enhanced in M. smegmatis when grown in the presence of 2% fructose. This demonstrates that fructose uptake is inducible in M. smegmatis. These results confirm the prediction that msmeg_0085 and msmeg_0086 represent a fruAK operon in which fruA encodes a fructose-specific enzyme IIA permease, as shown previously for S. coelicolor (45) . Expression of this operon is most likely controlled by the adjacent DeoR-like regulator that we have thus designated FruR (msmeg_0087).
Two systems were predicted for the uptake of glucose: the symporter GlcP and a glucose-specific PTS. The transcription of crr and ptsT was induced in cells grown in the presence of glucose (Fig. 4) , indicating that their assignments as glucose- at 37°C in HB medium containing 1% glucose (circles), 1% trehalose (diamonds), 1% maltose (squares), and 1% GlcNAc (triangles) was measured by determining the OD 600 of the cultures. The values are the means of three independent experiments. For some data points, the standard deviations were smaller than the symbol size, and therefore, the error bars are invisible. (Fig. 5B) . One possibility to explain this result is that glcP is expressed constitutively. However, the glcP mRNA was not detected in RT-PCR experiments for unknown reasons, in contrast to mRNA of control genes such as sigA (not shown). An alternative explanation is that the rate-limiting step for glucose uptake is diffusion across the outer membrane of M. smegmatis. Indeed, porin mutants of M. smegmatis show a significantly impaired glucose uptake (67, 69) . To date, it is unknown whether porin-mediated diffusion of glucose is the rate-limiting step in wild-type M. smegmatis. The fact that uninduced glucose uptake is as fast as the induced uptake of fructose (Fig. 5) argues in favor of a constitutively expressed inner membrane transporter for glucose. Further experiments with mutants lacking either GlcP or PtsG are required to examine whether glucose transport is regulated in M. smegmatis.
The number of transcripts of the predicted glycerol facilitator gene glpF (msmeg_6758) was increased in cells grown in the presence of 0.4% glycerol compared to that in cells grown in the presence of 0.4% glucose (Fig. 4) . Furthermore, the uptake of [
14 C]glycerol was slightly increased in M. smegmatis cells grown in the presence of 0.4% glycerol compared to that in cells grown in the presence of 0.4% glucose (Fig. 5C) . These results confirmed the annotation of the msmeg_6758 gene as glpF.
Carbohydrate transporters of M. tuberculosis H37Rv. We evaluated the complement of the putative carbohydrate uptake systems in the slow-growing pathogenic strain M. tuberculosis H37Rv (13) . Our analysis resulted in the identification of four ABC-type systems and one permease of the MFS class (Fig.  6B) . Some of these ABC transporters were described previously in an in silico analysis of the M. tuberculosis genome in a more global context (9, 15) . It is striking that M. tuberculosis is poorly equipped with carbohydrate transport systems in comparison to M. smegmatis mc 2 155 (Fig. 6) . Two of the operons, the lpgY sugABC and the uspABC operons, are highly conserved between the two species. The proteins of the ABC Sug and of the ABC Usp systems share between 62% and 80% similar amino acids, compared to only 25 to 30% similar amino acids for the UgpABCE and Rv2038c-Rv2041c systems. The similarities of all four ABC systems to known transporters outside the genus Mycobacterium is so low (Ͻ25%) that substrates of these transporters cannot be predicted.
The SugI porter of the MFS class shows distant sequence similarity to the glucose permease GlcP (28%) of S. coelicolor and to the galactose (GalP) (24%) and arabinose (AraE) (24%) transporters of E. coli. Thus, the system is likely to transport a monosaccharide.
Glycerol is used as the standard carbon source to grow M. tuberculosis. We did not detect any putative uptake system for this carbohydrate. Since M. tuberculosis grows with a generation time of 24 h, and it has been shown that glycerol can directly diffuse through lipid membranes both in vitro (50) and in vivo (22) , it is conceivable that the rate of glycerol intake by passive diffusion may be sufficient for growth. Incoming glycerol will then be converted by glycerol kinase (GlpK) into glycerol-3-phosphate to enter the route of central carbon metabolism (Fig. 6B) . M. tuberculosis has one putative glycerol kinase that shows a high similarity to the two glycerol kinases of M. smegmatis (77% protein identity for msmeg_6759 and 57% for msmeg_6756) and to the two glycerol kinases from S. coelicolor SCO0509 (75%) and SCO1660 (59%).
DISCUSSION
Identification of carbohydrate transporters in M. smegmatis. It has been widely documented that M. smegmatis can grow on many carbon sources such as polyols, pentoses, and hexoses (20, 23, 28) . In this study, we identified multiple inner membrane transport systems for all three of these classes of carbohydrates by bioinformatic analysis (Table 1) . This provides the molecular basis for the adaptability of M. smegmatis to different environments in the soil and water. Often, our integrated bioinformatic approach enabled us to propose a specific substrate for particular uptake proteins (Table 1) . Since the specificity of transport proteins can be altered by the modification of a few residues, the suggested substrates rather represent a hypothesis for experiments such as transport measurements with gene deletion mutants or analysis of the induction of gene expression. Analysis of the induction of both the transport activity and transcription of genes confirmed the substrate predictions for a fructose-and glucose-specific PTS as well as for the predicted glycerol operon. Since glucose uptake was constitutive, at least one more system for glucose transport must occur in M. smegmatis. This was predicted to be GlcP. Indeed, cloning and heterologous expression of glcP in E. coli revealed that it is a glucose-specific permease (data not shown).
Global control of carbon metabolism in M. smegmatis and M. tuberculosis. The discovery of homologs of all components of a PTS in M. smegmatis contradicts a previous report that did not find biochemical evidence for the existence of a PTS (59) and many repeating statements (14, 15, 54) . Components of the PTS play a key role in the global control of sugar metabolism to achieve the hierarchical utilization of carbon sources in bacteria (12) , where two different mechanisms have evolved. In E. coli and other closely related gram-negative bacteria, the enzyme IIA Glc is dephosphorylated mainly under repressing conditions and mediates inducer exclusion. Under nonrepressing conditions, phosphorylated IIA Glc stimulates cyclic AMP (cAMP) synthesis and thereby triggers the activation of catabolite-repressed genes by a global regulator, the cAMP-dependent catabolite activator protein. In low-GϩC-content grampositive bacteria, HPr is a central switch of carbon catabolite repression. Under repressing conditions, HPr is phosphorylated mainly at serine 46 by a unique HPr kinase/phosphatase mediating inducer exclusion and carbon catabolite repression/ activation (12, 37, 55) . Under nonrepressing conditions, HPr is phosphorylated at histidine 15 and activates PTS-dependent sugar transport, glycerol kinase, and substrate-specific regulators. The apparent absence of a protein in M. smegmatis similar to the HPr kinase/phosphatase argues against the mechanism found in low-GϩC-content gram-positive bacteria. On the other hand, M. smegmatis apparently does not produce proteins with significant sequence similarities to the cAMP receptor protein (CRP) (catabolite activator protein) of E. coli, which is crucial for carbon catabolite repression in gram-negative bacteria.
By contrast, the coordination of the few operons involved in the uptake and degradation of carbohydrates by M. tuberculosis may not require a global control mechanism, as suggested by the lack of PTS homologs. Alternatively, a completely different mechanism for the global control of carbon metabolism may have evolved in M. tuberculosis to adapt to its specific environment inside the phagosome of human macrophages. Indeed, M. tuberculosis has eight orthologs of CRP-like transcriptional regulators (35) , one of which, Rv3676, was experimentally described (2) . Furthermore, the large number and the different subcellular localization of the 15 putative nucleotide cyclases in M. tuberculosis imply that this organism may have the ability to sense and respond to many intracellular and extracellular signals through a second messenger system based on cyclic nucleotide monophosphates (35) . This is in strong contrast to E. coli and other gram-negative bacteria, which have only one CRP and one adenylate cyclase. CRP homologs have been identified in streptomycetes (18) , where the regulator plays a role in germination, and in corynebacteria, where CRPs have been associated with global carbon regulation (39) . Although the potential mechanisms of global control of carbon metabolism in both M. smegmatis and M. tuberculosis are not evident from the bioinformatic analysis of their genomes, these findings provide hypotheses for further experiments.
Utilization of galactose by M. smegmatis and M. tuberculosis. M. smegmatis did not grow on D-galactose as a sole carbon source. This result is in agreement with previous reports (28, 29) . Surprisingly, our analysis identified the genes msmeg_3689 to msmeg_3692 as being an operon encoding, among others, a putative galactose transport protein of the SSS with more than 50% amino acid identity to the putative galactose transporter GalP of S. coelicolor (6) . Furthermore, it was shown that Dgalactose is taken up by M. smegmatis and that this transport activity is inducible by D-galactose (28) . However, the putative gal operon of M. smegmatis contains only two of three essential genes (galKTE) of the Leloir pathway, which is used by E. coli and many other bacteria to grow on galactose (24) . The first reaction in this pathway is catalyzed by galactokinase, which phosphorylates free galactose to galactose-1-phosphate. In the next steps, galactose-1-phosphate uridylyltransferase transfers the UDP residue from UDP-glucose to galactose-1-phosphate, and UDP-galactose-4-epimerase catalyzes the reversible conversions of UDP-galactose and UDP-glucose. The galE gene encoding the epimerase is missing. These results appear to be counterintuitive: why should M. smegmatis take up a sugar, modify it, and not use it as a carbon or energy source? One explanation may be provided by the fact that D-galactose is a major constituent of the cell wall of mycobacteria. The arabi-nogalactan polymer is composed of D-arabinose and D-galactose, both in their furanose ring form, and is an essential part of the mycobacterial cell wall by serving as an anchor for the covalent attachment of the peptidoglycan and the mycolic acids (10) . Ethambutol is a potent tuberculosis drug and acts by inhibiting the synthesis of arabinogalactan (71) . Based on these observations, we suggest the following sequence of reactions: D-galactose is taken up by M. smegmatis via GalP (msmeg_3689), phosphorylated in the cytoplasm by the galactokinase GalK (msmeg_3692), and uridinylated by the galactose-1-phosphate uridyltransferase GalT (msmeg_3691) to yield UDP-galactose. The ring contraction of UDP-galactopyranose to UDP-galactofuranose is catalyzed by the essential enzyme UDP-galactopyranose mutase Glf (46). UDP-galactofuranose is then likely to be transported across the cytoplasm membrane via intermediate binding to decaprenyl phosphate as in other bacteria to be available for the synthesis of arabinogalactan (16) . It should be noted that no homologs of the putative galactose transporter GalP of M. smegmatis (Table 1) were found in M. tuberculosis. This suggests that M. tuberculosis has no access to D-galactose in its natural environment, the phagosome of macrophages, and instead synthesizes D-galactose from other sugars. Indeed, in addition to galK and galT, the genome of M. tuberculosis contains three galE genes (Rv3634c, Rv0501, and Rv0536), which are probably used to convert glucose to galactose for biosynthesis purposes. However, it is unclear how M. smegmatis synthesizes galactose in the absence of this sugar and GalE. M. smegmatis may either contain an undetected enzyme with glucose-galactose epimerase activity or use an alternative biosynthetic route.
Utilization of disaccharides by M. smegmatis and M. tuberculosis. M. smegmatis did not grow on lactose, maltose, and sucrose as a sole carbon source. Franke and Schillinger previously obtained the same result for lactose and maltose but observed respiration of M. smegmatis in the presence of sucrose (23) . According to our bioinformatic analysis, M. smegmatis has at least three inner membrane transport systems with significant similarities to other bacterial disaccharide transporters (Table 1) . However, the substrate specificities of the transporters encoded within the loci msmeg_0501 to msmeg_0508 and msmeg_0509 to msmeg_0518 are not known. Growth of bacteria on disaccharides as sole carbon sources requires enzymes that cleave the disaccharide and release the monosaccharides for further metabolization. The absence of proteins similar to known bacterial ␤-D-galactosidases (LacZ of E. coli, BgaB of Bacillus circulans, MbgA of Bacillus megaterium, and LacA of S. coelicolor) provides a molecular explanation for the inability of M. smegmatis to utilize lactose as a sole carbon source. By contrast, M. smegmatis has six homologs (msmeg_3184, msmeg_3576, msmeg_4916, msmeg_4917, msmeg_4696, and msmeg_6515) of MalL of B. subtilis, which hydrolyzes maltose, longer maltodextrines up to maltohexaose, isomaltose, and sucrose (64) , and of the cytoplasmic trehalase TreC of E. coli, which cleaves trehalose-6-phosphate (58) . It is conceivable that these enzymes are used in trehalose metabolism, considering the unusual importance of trehalose in mycobacteria (42, 74) and the observation that trehalose was the only disaccharide that was used by M. smegmatis as a sole carbon source. However, it cannot be excluded that some of the enzymes with similarities to TreC and MalF have roles in pathways distinct from trehalose metabolism.
The SugABC sugar transport system was shown to be essential for the virulence of M. tuberculosis in mice (61) . Previously, it was suggested that this permease may transport maltose or maltodextrins (8, 9) . However, the similarities of both ABC Sug and the corresponding substrate binding protein LpgY to the maltose transporters and periplasmic maltose binding proteins MalE of E. coli and S. coelicolor are very low (Ͻ25%). Thus, it is questionable whether maltose is the substrate of ABC Sug . These doubts are supported by the fact that neither M. smegmatis, which has a highly similar ABC Sug system, nor M. tuberculosis (20) grows on maltose as a sole carbon source. It has to be noted that similar uncertainties exist for the substrate specificities of the four other carbohydrate uptake systems of M. tuberculosis, including the ABC Usp transporter, which was proposed to transport sn-glycerol-3-phosphate based on low protein similarities (9, 15) .
The analysis of the carbohydrate uptake proteins in the genomes of M. smegmatis and M. tuberculosis provides the molecular basis for the very early phenotypic observations that saprophytic mycobacteria have a much broader spectrum of substrates, which they can use as sole carbon and energy sources (20) . It is striking that the genome of M. tuberculosis has only five recognizable permeases for carbohydrate uptake. This suggests that the phagosome does not provide an environment rich in diverse sugars. Hence, an experimental analysis of the substrate specificity of the inner membrane carbohydrate transporters of M. tuberculosis is likely to reveal the carbon sources available in the phagosome of human macrophages.
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